The spike glycoprotein G of vesicular stomatitis virus (VSV) induces membrane fusion at low pH. We used linker insertion mutagenesis to characterize the domain(s) of G glycoprotein involved in low-pH-induced membrane fusion. Two or three amino acids were inserted in frame into various positions in the extracellular domain of G, and 14 mutants were isolated. All of the mutants expressed fully glycosylated proteins in COS cells. However, only seven mutant G glycoproteins were transported to the cell surface. Two of these mutants, Dl and A6, showed wild-type fusogenic properties. The mutant A2 had a temperature-sensitive defect in the transport of the mutant G glycoprotein to the cell surface. The other four mutants,1 H2, H5, H10, and A4, although present in cell surface, failed to induce cell fusion when cells expressing these mutant glycoproteins were exposed to acidic pH. These four mutant G proteins could form trimers, indicating that the defect in fusion was not due to defective oligomerization. One of these mutations, H2, is within a region of conserved, uncharged amino acids that has been proposed as a possible fusogenic sequence. The mutation in H5 was about 70 amino acids downstream of the mutation in H2, while mutations in H10 and A4 were about 300 amino acids downstream of the mutation in H2. Conserved sequences were also noted in the H10 and A4 segment. The results suggest that in the case of VSV G glycoprotein, the fusogenic activity may involve several spatially separated regions in the extracellular domain of the protein.
Enveloped animal viruses enter host cells either by direct fusion with the plasma membrane or by endocytosis of the virus and subsequent fusion of the envelope with the endosomal membrane. The viral envelope glycoprotein present in the virion or on the cell surface of the infected cell can mediate fusion between the viral and host membrane or between the infected-cell and surrounding uninfected-cell membranes, producing multinucleated polykaryons. The parainfluenza group of viruses (Sendai virus, Newcastle disease virus, simian virus 5, etc.) as well as retroviruses such as human immunodeficiency virus can fuse with the plasma membrane at neutral pH during the virus entry process. Cells infected with these viruses also form multinucleated cells or polykaryons at neutral pH as a result of expression of the viral glycoprotein (33, 40, 41) . Cell-cell fusion producing polykaryons also occurs at neutral pH when glycoproteins of these viruses are expressed from cells transfected with the viral glycoprotein cDNA (9, 26) . On the other hand, viruses belonging to the rhabdovirus (e.g., vesicular stomatitis virus [VSV]), orthomyxovirus (e.g., influenza virus), and togavirus (e.g., Semliki Forest virus) subgroups do not fuse with the plasma membrane at neutral pH but are endocytosed and transported intracellularly via endosome vesicles (33, (39) (40) (41) . In the acidic environment present there (2) , the viral envelope fuses with the endosome membrane and releases the nucleocapsid. In these cases, although the virus cannot fuse directly to the host cell, in the presence of an acidic medium, virus-cell fusion occurs. Also, exposure of cells infected with this group of viruses to acidic pH causes extensive cell-cell fusion and formation of polykaryons (39) . Transfected cells expressing glycoproteins of these viruses can also fuse to form multinucleated cells when exposed to acidic pH (8, 17, 29, 38) . * Corresponding author.
The fact that the spike glycoproteins of enveloped viruses can mediate membrane fusion in the absence of other viral gene products has allowed protein-mediated membrane fusion to be studied more extensively by using the viral fusion proteins as a model system (8, 9, 17, 26, 29, 38) . In general, the viral fusion proteins are integral membrane glycoproteins and usually contain a stretch of relatively hydrophobic amino acids (fusion peptide) that are involved in membrane fusion (33, 40, 41) . The fusion peptide of a number of viral fusion proteins such as HA2 of influenza virus, the F protein of simian virus 5, the El protein of Semliki Forest virus, and the gp4l protein of human immunodeficiency virus have been characterized by using mutational analysis of the cloned genes (9, 11, 14, 22, 26) . In the case of HA2 of influenza virus (11) , the F protein of simian virus 5 (14) , and the gp4l protein of human immunodeficiency virus (9) , the hydrophobic fusion peptide is located at the amino terminus. The El spike subunit of Semliki Forest virus, however, contains an internal hydrophobic domain of about 20 amino acids which has been identified as a fusion peptide (22) . This hydrophobic sequence is conserved among the alphaviruses (22) .
The spike glycoprotein G of VSV is a transmembrane protein and induces membrane fusion at acidic pH in the absence of other viral gene products (8, 29) . Exposure of G protein to acidic pH induces a conformational change(s) which allows the protein to interact simultaneously with the resident and the target membranes, presumably via a stretch of hydrophobic amino acids, to induce the membrane fusion (25, 27, 33, 40, 41) . However, no obvious hydrophobic sequence other than the carboxy-terminal membrane-anchoring sequence have been identified in the G protein (31) . The amino terminus of G protein is quite hydrophilic, and mutation in this region does not affect the fusogenic activity of G protein (44) . A glycosylation mutant of G protein containing an additional oligosaccharide chain near a se-quence of uncharged amino acids was defective in the low-pH fusogenic activity of wild-type G protein, suggesting that the sequence of uncharged amino acids maybe involved in fusion activity (42 (1, 28) . The cells were lysed on ice in the presence of radioimmunoprecipitation assay buffer lacking sodium dodecyl sulfate (SDS) (28) and immunoprecipitated with rabbit polyclonal antibody prepared against the VSV G glycoprotein. The anti-G antibody was generated by inoculating rabbits with a recombinant adenovirus containing the G protein gene of VSV Indiana (32) . The immunocomplexes were precipitated with protein A-Sepharose beads (Pharmacia, Montreal, Quebec, Canada). Labeled proteins were eluted with sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis as described previously (28) .
For endo H digestion, immunoprecipitates were eluted from the protein A-Sepharose beads by boiling in 1% SDS in 10 mM Tris (pH 6.8). The extract was adjusted to 40 mM sodium citrate (pH 5.0) and digested with 0.05 U of endo H for 18 h at 37°C. The sample was analyzed on an SDSpolyacrylamide gel as described previously (28) .
Localization of G proteins. The intracellular and cell surface localizations of the expressed glycoproteins were examined by indirect immunofluorescence (28) . Transfected cells were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS), treated with an anti-G antibody (1:50 dilution), and then incubated with goat anti-rabbit immunoglobulin G conjugated to fluorescein (1:20 dilution; Dako Laboratories, Los Angeles, Calif.). For intracellular localization, the fixed cells were permeabilized with 1% Triton X-100 in PBS prior to incubation with the anti-G antibody. For quantitation of G protein expressed in the cell surface, lactoperoxidase-catalyzed iodination was done according to Guan et al. (13) . Relative amounts of G protein on the cell surface were determined by scanning densitometry of the fluorograms of the SDS-polyacrylamide gels.
Cell-cell fusion assay. The fusogenic activity of the expressed G proteins was monitored by exposing cells to pH 4.8 to 6.4 for a very short time and observing polykaryon formation (3, 39, 44) . Typically, monolayers of transfected COS cells were exposed to low-pH fusion medium (1.8 mM NaH2PO4, 8 adjusted at 4.8 to 6.4) for 60 s. The medium was washed off with PBS, and the cells were incubated in the presence of regular medium for 2.5 h. The low-pH treatment was repeated, and washed cells were incubated in the presence of regular medium for a further period of 2.5 h. The cells were fixed with methanol and stained with Giemsa. Plates were examined under phase contrast, and polykaryons containing more than five nuclei were counted.
Oligomerization assay. The oligomeric state of the expressed G protein was determined by sucrose gradient centrifugation as described by Crise et al. (4) . Transfected cells were labeled with 100 ,uCi of [35S]methionine per ml for 15 min and chased for 1 h with normal medium containing 2.5 mM unlabeled methionine. Cell extracts were prepared by lysis at 0°C with 1% Triton X-100 (Sigma Chemical Co.) in 4x MNT buffer (80 mM MES, 120 mM Tris, 400 mM NaCl, 4 mM EDTA [pH 5.8]) containing 100 U of aprotinin per ml.
The postnuclear supernatant fraction was analyzed on a 5 to 20% sucrose gradient in 2x MNT containing 0.1% Triton X-100 by centrifugation for 22 h at 40,000 rpm, using a Beckman SW40 rotor at 4°C. Fractions were collected from the bottom, made to 1% Nonidet P-40-0.1% SDS-0.2% sodium deoxycholate-25 mM Tris (pH 7.4)-30 mM EDTA-100 U of aprotinin per ml, immunoprecipitated with rabbit anti-G antibody, and analyzed by SDS-polyacrylamide gel electrophoresis. Aldolase (8S) and bovine serum albumin (4S) were used as sedimentation markers.
RESULTS

Mutagenesis of the VSV G protein.
To define the functional domain(s) required for the low-pH-induced fusogenic activity of VSV G protein, we created a series of linker insertion mutations in the coding region. As the parent plasmid for mutagenesis, we used the expression plasmid pXM-G lacking any XhoI site. XhoI linker was introduced at various sites of the coding region of G generated by a single cut with restriction enzyme AluI, Hinfl, or DdeI. The in-frame insertion of the linker resulted into insertion of two or three amino acids. A summary of the mutants generated is shown in VOL. 67, 1993 on August 27, 2017 by guest http://jvi.asm.org/ Downloaded from (18) and analyzed the proteins expressed in the absence and in the presence of this inhibitor. Results presented in Fig. 1 show that all 15 mutant G constructs express proteins which comigrate with wild-type G protein. The intensities of the bands corresponding to the wild-type G and mutant proteins were fairly similar, suggesting that the insertion mutations did not affect the expression of the protein. In the presence of tunicamycin, all of the mutant proteins expressed had a decreased molecular weight corresponding to that of the nonglycosylated G protein (Fig. 1) (19) . Acquisition of endo H-resistant oligosaccharides by glycoproteins has been generally used as a measure of transport of the protein from endoplasmic reticulum (ER) to the Golgi complex (18) . The proteins were labeled for 15 min and then chased with excess nonradioactive methionine for 1 h. The immunoprecipitated protein was digested with endo H and analyzed on an SDS-polyacrylamide gel. Results presented in Fig. 3 show that after 1 h of chase, mutant proteins Dl, H2, H5, H10, A4, and A6 became completely resistant to endo H digestion, indicating that these mutant molecules were transported from ER to the medial Golgi complex. Most of the mutant A2 protein synthesized at 32°C was endo H resistant after 1 h whereas A2 protein synthesized at 39°C was totally sensitive to endo H digestion, confirming that the intracellular transport defect of the mutant A2 is temperature sensitive. None of the mutants A3, H3, and H6 acquired resistance to endo H digestion after a chase of 1 h whereas mutant Al became only partially resistant to endo H digestion, indicating that these mutants were retained in the ER. These results show that mutants H2, H5, H10, and A4 were normal for intracellular processing and transport whereas mutant A2 has a ts defect in the transport of G to the cell surface. Thus, mutants H2, H5, H10, and A4 can be considered as defective only in fusogenic activity.
Folding and oligomerization of mutant G proteins. The proper transport of a newly synthesized membrane glycoprotein from the ER to the Golgi complex is dependent on the acquisition of correct tertiary and quaternary structure (15) . VSV G glycoprotein forms a trimer which is essential for its intracellular transport (6, 20) . Studies with a number of mutants of G protein, including mutant tsO45, have shown that a number of mutants defective in the transport pathway produce proteins that are misfolded and form aggregates rather than trimers (5-7) .
Mutant G proteins constructed by linker insertion could be divided into two groups; mutants H2, H5, H10, and A4 were transport competent but defective in fusion, and mutants Al, D3, H6, A3, H9, and D7 were transport defective. To determine whether the defects in fusion or transport were due to misfolding or incorrect oligomerization, we analyzed the mutant G proteins for (i) aberrant disulfide bonding (23), (ii) recognition by conformation-specific antibody I14 (5, 7, 21) , and (iii) proper oligomerization as determined by sucrose density gradient centrifugation (4, 7). To determine the state of disulfide bonding in the protein, the mobilities of the mutant G proteins were examined in SDS-polyacrylamide gels under nonreducing conditions (23) . Transfected cells expressing either wild-type or mutant G glycoprotein were labeled with [35S]methionine, and the immunoprecipitated proteins were analyzed by electrophoresis on SDS-polyacrylamide gels in the presence or absence of a reducing agent. Results presented in Fig. 4 show that under nonreducing conditions, wild-type G glycoprotein moves slightly faster than the reduced G protein, presumably as a result of an intramolecular disulfide bond(s) which makes the nonreduced protein more compact (23) . All of the mutants tested, including the fusion-defective mutants H2, H5, H10, and A4 and the ts mutant A2, migrated with the same mobility as did the wild-type G under either nonreduced or reduced conditions (Fig. 4) , suggesting that these mutants did not form aberrant disulfide bonds. The transport-defective mutant Al also migrated with the wild-type G protein under these conditions (Fig. 4) . The decreased amount of nonreduced A2 protein synthesized at 39°C observed could be due to decreased expression, since a similar reduction in the A2 band was noticed in the presence of a reducing agent. Other transport-defective mutants, such as H3, H6, and H9, behaved similarly to mutant Al (data not shown).
Conformation-specific monoclonal antibody I14, which reacts with the B2 epitope of wild-type G protein (residue 357 to 367) (21, 36) , has been extensively used to distinguish between correctly and incorrectly folded mutants of G protein (5, 7) . Transfected cells were labeled with [35S]methionine, and the labeled proteins were immunoprecipitated with monoclonal antibody I14. As shown in Fig. 5 , the fusion-defective mutants H2, H5, H10, and A4 were recognized by antibody I14, indicating that the B2 epitope was properly expressed. Mutant protein A2 produced at both 32 and 39°C was also immunoprecipitated by antibody I14; however, the 39°C form of A2 protein was precipitated with a reduced efficiency. The transport-defective mutant Al was also recognized by antibody I14 (Fig. 5) . However, transport-defective mutants H3 and H6 were recognized poorly by monoclonal antibody I14 (data not shown). Taken together, these results show that the fusion-defective mutant proteins H2, H5, H10, and A4 were expressing correctly the B2 epitope.
VSV G protein is known to form trimers (20) , and the trimeric structures can be detected and quantitated by sucrose density gradient centrifugation at acidic pH (7). The oligomeric structure of mutant G proteins were determined by solubilizing transfected cells labeled with [35S]methionine with Triton X-100 and analyzing the extract by sucrose gradient centrifugation. In agreement with published results (6, 7) , the sedimentation patterns of wild-type G protein at acidic pH and at neutral pH were quite different. At pH 5.6, wild-type G sedimented in the region of 8S as a trimer, while at pH 7.6, it sedimented in the region of 4S as a monomer (Fig. 6) . The three fusion mutants H2, H5, and H10 sedimented quantitatively as trimers at pH 5.6. Mutant A2 formed at 32°C also sedimented as a trimer. Only a small fraction of A2 protein synthesized at 39°C formed trimers (Fig. 6) The four fusion-defective mutants H2, H5, H10, and A4
were generated by insertion of amino acids after residues 122, 194, 409, and 415, respectively, of G protein of VSV Indiana. An analysis of the hydrophobicity of VSV Indiana G protein showed that stretches of amino acids between residues 120 to 150, 190 to 210, and 300 to 360 have some hydrophobic character and thus possibly could be involved in low-pH-mediated membrane fusion (8) . Sequence comparison between G proteins of VSV Indiana and New Jersey showed a conserved region between amino acids 123 to 138 containing 19 uncharged amino acids, which was proposed as a possible fusion peptide for G protein (10, 25) . The sequence of G proteins of VSV Chandipura (24) and Cocal (2a) in this region is also conserved. Recently a glycosylation mutant of G protein containing an additional oligosaccharide at residue 117 was shown to be defective in membrane fusion, suggesting that this conserved sequence may be involved in fusogenic activity (42) . The amino acid sequences of mutants H10 and A4 also showed a conserved region between residues 395 and 413 in the G proteins of four VSV serotypes (2a, 24) . This region, however, contains both basic and acidic amino acids.
Results of biochemical and biophysical studies on the influenza virus fusion protein HA2 (37, 43) and sequence comparisons of identified or putative fusion peptides of a number of viral and one cellular fusion peptide suggest that membrane fusion mediated by protein involves a conformational change of a hydrophobic stretch of integral membrane protein (40, 41) . The conformational change is triggered by low pH or some unidentified factor(s). The conformational change exposes the hydrophobic fusion domain, which can then interact with the target membrane. It was proposed that the hydrophobic fusion sequence could arrange itself in an a-helix structure with most of the hydrophobic residues located on one face of the helix. The sided helix then interacts with the target membrane, resulting in insertion of the fusion peptide (40, 41) . A number of the putative fusion peptides of viral proteins which require low pH for membrane fusion contain acidic amino acids within the segment. It was suggested that the acidic amino acids require low pH for protonation so that they can interact better with the lipid membrane (25) . A requirement of proline residues within the putative fusion peptide located internally has also been suggested (41) . It may be noted that both segment H2 and segment H1O/A4 contained acidic amino acids as well as proline residues which were conserved in the G proteins of four serotypes of VSV. The reported insertion mutations may be within or in close to the region(s) required for fusogenic activity. The perturbation caused by insertion of two or three amino acids in any one of these regions may induce a conformational change which does not affect intracellular transport or the oligomeric structure but affects fusogenic activity. Also, interaction between these regions may be essential for fusogenic activity, and thus mutation in one of these regions prevents fusion by disrupting the interaction between these domains. It is also possible that the mutations induce structural changes which indirectly block fusion. The mutations could disrupt either receptor binding or interactions between the trimers of G protein, thus affecting membrane fusion.
